Abstract: Shutting down and/or upgrading existing productive assets are important economic decisions for the owners of those assets and are also the fundamental decisions that underlie the development of new, growing industries. This paper develops a dynamic structural econometric model of wind turbine owners' decisions about whether and when to add new turbines to a pre-existing stock, scrap an existing turbine, or replace old turbines with newer versions (i.e., upgrade). We apply our model to owner-level panel data for Denmark over the period 1980-2011 to estimate the underlying profit structure for wind producers and evaluate the impact of technology and government policy on wind industry development. Our structural econometric model explicitly takes into account the dynamics and interdependence of shutdown and upgrade decisions and generates parameter estimates with direct economic interpretations. Results from the model indicate that the growth and development of the Danish wind industry was primarily driven by government policies as opposed to technological improvements. The parameter estimates are used to simulate counterfactual policy scenarios in order to quantify the effectiveness of the Danish feed-in-tariff and replacement certificate programs. Results show that both of these policies significantly impacted the timing of shutdown and upgrade decisions made by turbine owners and accelerated the development of the wind industry in Denmark. We also find that when compared with the feed-in-tariff; a declining feed-in-tariff; and the replacement certificate program and the feed-in-tariff combined, the replacement certificate program was the most cost-effective policy both for increasing payoffs to turbine owners and also for decreasing carbon emissions.
Introduction
Due to concerns about climate change, local air pollution, fossil fuel price volatility, energy security, and possible fossil fuel scarcity, governments at many levels around the world have begun implementing policies aimed at increasing the production share of renewables in the electricity sector. These support policies have taken several different forms (e.g., Renewable Portfolio Standards, feed-in-tariffs, tax credits, etc.) and proponents argue that they are necessary for these nascent industries to continue to develop technological improvements, achieve economies of scale and compete with existing industries. Wind energy was one of the earliest renewable generation technologies to be promoted, and its maturity and low costs relative to other renewables has made it a leading option for many countries in the early phases of pursuing climate goals.
For policymakers, an important long-run question related to the development of renewable industries is how government policies affect decisions regarding the scrapping or upgrading of existing assets. How much of the shutdowns and upgrades can be attributed to the policies as opposed to other market trends?
How do policies affect the timing of owner decisions and the subsequent path of the industry?
This paper aims to shed some light on these questions by developing a dynamic structural econometric model of wind turbine shutdowns and upgrades in the context of Denmark and using it to estimate the underlying profit structure for turbine owners. In particular, we model wind turbine owners' decisions about whether and when to add new turbines to a pre-existing stock, scrap an existing turbine, or replace old turbines with newer versions (i.e., upgrade). Shutting down and/or upgrading existing productive assets are important economic decisions for the owners of those assets and are also the fundamental decisions that underlie the development of new, growing industries.
To date, empirical research addressing the economics of wind energy has tended to focus on production costs, investment decisions, or policy options for increasing the penetration of wind energy in electricity grids. Engineering studies have regularly calculated the cost of producing electricity from wind turbines and compared it with existing fossil-fuel generators (Darmstadter, 2003; Krohn et al., 2009 ). The consensus among these studies is that although generating costs associated with wind power have been steadily declining, market penetration of wind energy has remained fairly low in most countries due to the relatively low prices of coal and natural gas. Krekel and Zerrahn (forthcoming) analyze whether the presence of wind turbines has negative externalities for people in their surroundings, and find that negative externalities exist but are spatially and temporally limited. Policy research has been aimed at describing the policies that have been implemented (Allison and Williams, 2010) , evaluating the abilities of different wind energy policies to promote new investments (Agnolucci, 2007) , or comparing the policies of different countries with emerging wind industries (Klaassen et al., 2005) . Hitaj (2013) analyzes the effects of government policies on wind power development in the United States. Munksgaard and Morthorst (2008) provide an excellent description of the trends in feed-in-tariffs and the market price of electricity in Denmark and attempt to forecast future investments in wind energy based on an estimated internal rate of return. Jacobsson and Johnson (2000) come at the problem from a technology innovation and diffusion perspective, in which they provide an analytical framework for examining the process of technical change in the electricity industry. Mauritzen (2014) estimates a reduced-form model of wind turbine scrapping decisions. We build on the work of Mauritzen (2014) by developing and estimating a dynamic structural econometric model, by utilizing additional data and by extending the model to include both shutdown and upgrade decisions.
The "bottom-up" style of modeling we use in this paper is in direct contrast to many previous "topdown" approaches to examining trends in the wind industry, and the structural nature of our model gives insights into key economic and behavioral parameters. Understanding the factors that influence individual decisions to invest in wind energy and how different policies can affect the timing of these decisions is important for policies both in countries that already have mature wind industries, as well as in regions of the world that are earlier in the process of increasing renewable electricity generation (e.g. most of the U.S.).
We apply our dynamic structural econometric model to owner-level panel data for Denmark over the period 1980-2011 to estimate the underlying profit structure for wind producers and evaluate the impact of technology and government policy on wind industry development. Our structural econometric model explicitly takes into account the dynamics and interdependence of shutdown and upgrade decisions and generates parameter estimates with direct economic interpretations.
Results from our dynamic structural econometric model indicate that the growth and development of the Danish wind industry was primarily driven by government policies as opposed to technological improvements. The parameter estimates are used to simulate counterfactual policy scenarios in order to quantify the effectiveness of the Danish feed-in-tariff and replacement certificate programs. Results show that both of these policies significantly impacted the timing of shutdown and upgrade decisions made by turbine owners and accelerated the development of the wind industry in Denmark. We also find that when compared with the feed-in-tariff; a declining feed-in-tariff; and the replacement certificate program and the feed-in-tariff combined, the replacement certificate program was the most cost-effective policy both for increasing payoffs to turbine owners and also for decreasing carbon emissions.
The Danish Wind Industry
For many countries, questions regarding shutdown and upgrade decisions will become increasingly relevant in the near future as existing turbines approach the end of their expected lifetimes (usually around 20 years) and technology continues to improve. This is already the case in Denmark, where a concerted effort to transition away from fossil fuels began in the late 1970's soon after the first oil crisis. Since then, the long-term energy goal of the Danish government has been to have 100% of the country's energy supply come from renewable sources. With a long history of designing turbines that stretches back to the late 19 th century (Heymann, 1998) , wind power was the leading technological choice to offset electricity production from fossil fuels. To this end, the Danish government implemented several policies designed to encourage wind investments throughout the country. As a result of this sustained policy goal, Denmark became a leader in both turbine design and installed wind capacity during the 1980s and 1990s, and has one of the most mature modern wind industries in the world.
We focus on the wind industry in Denmark over the period 1980-2011, and use data from a publicly available database containing all turbines constructed in Denmark during that time period (DEA, 2012) .
Ownership information for each turbine was obtained from a professional colleague at Energinet.dk so that a panel dataset at the owner level could be constructed and used to estimate the structural model. Figure 1 provides snapshots of the development of the Danish wind industry for the years 1980, 1990, 2000, and 2010 . Each dot on the map represents a single wind turbine, with the size and color of the dot corresponding to the size of the turbine. Looking at the maps, two distinct phases of wind industry development are evident: (1) a boom in the installations of new turbines during the 1990s and (2) significant increases in turbine size during the 2000s. During our period of study there were significant improvements in turbine technology as well as changes to the structure of the electricity markets and wind policies.
In terms of ownership, the Danish wind industry has been remarkably decentralized throughout its history. Of the roughly 2,900 turbine owners during over the period 1980-2011, the vast majority (∼90%) own two or fewer turbines. 1 We therefore focus on turbine owners who own two or fewer turbines. An interesting feature of Danish wind development was that it was not led by a few large firms constructing large, centralized wind farms. Instead, the vast majority of wind turbines in the country were installed and owned by individuals or local cooperatives. This decentralized development resulted in 80% of all turbines in Denmark being owned by wind cooperatives in 2001 (Mendonça et al., 2009) . This trend has changed in more recent years as more utility-scale wind projects have come online, but the fact that there are so many early turbine owners provides a healthy sample size for the structural model employed.
Our analysis makes use of several turbine-specific and national level variables that likely have an impact on turbine management decisions. Included in the Energinet.dk data are the capacity of each turbine, the date it was installed, and the location of the turbine. Capacity enters directly into all specifications, while the installation date can be used to calculate the age of each turbine throughout the study period. We also include variables for government policy and for the state of wind turbine technology, each of which we describe in detail below. In our dynamic structural econometric model, we assume the state variables evolve as a finite state first-order Markov process.
Government Policy
We focus on two important policies that the Danish government has implemented on the wind industry: (1) the feed-in-tariff for electricity generated by wind turbines and (2) the replacement certificate scheme for incentivizing turbine owners to scrap old turbines and replace them with new ones.
Since the late 1970s, the Danish government has supported wind development by paying wind turbine owners a feed-in-tariff for electricity generated by wind turbines. Prior to the liberalization of the power market in 1999, 2 the feed-in-tariff was a fixed price guaranteed for a significant portion (if not all) of a turbine's useful life. After liberalization, the feed-in-tariff was a supplement to be paid to owners on top of the electricity price determined in the competitive wholesale market so that wind turbine owners were guaranteed a maximum total price (feed-in-tariff plus market price). The amount of the feed-in-tariff has been adjusted over time as more wind power came online (see Table 1 ). The level of the feed-in-tariff is determined by the date a turbine was built. Because the feed-in-tariff guarantees the price that wind turbine 2 Before 1999, Danish municipal utilities were vertically integrated and operated as regulated natural monopolies so that the price of electricity for retail customers was set at a level that allowed the utility to recouperate the cost of generating, transmitting and distributing electricity to its customers. After liberalization in 1999, Denmark joined the Nordic regional market (NordPool) and began using locational marginal pricing together with a Dutch auction mechanism (2 nd price auction) to determine wholesale prices.
owners will receive for production, wind turbine owners are insulated from changes in wholesale prices. 3 Thus, the shutdown and upgrade decisions of wind turbine owners are likely to be affected by the level of the feed-in-tariff rather than by wholesale prices. Mauritzen (2014) Also beginning in 1999, the government created a replacement certificate program to incentivize the upgrading of older, lower capacity turbines to newer, larger turbines. Eligible turbine owners who scrapped their turbines during the program received a certificate that would grant an additional price supplement for a new turbine that was constructed (see Table 2 ). These scrapping certificates were given out through the end of 2011 and could be sold to other prospective turbine owners.
In our dynamic structural econometric model, we assume that both of these government policies evolve as a finite state first-order Markov process. From the perspective of turbine owners, the evolution of both of these policies over time was uncertain at the beginning of the study period, due to the democratic nature of lawmaking and uncertainty about the evolution of the Danish wind industry and fuel prices for other forms of electricity generation. Although the basic strategy of reducing the feed-in-tariff over time was likely known by turbine owners, the exact timing and values of either of the support policies could not have been 3 Massive increases in wind capacity (and generation) can have an impact on daily wholesale prices. On particularly windy days, the wholesale price can become negative as zero-marginal cost wind becomes the marginal source of generation and the market actually pays buyers to use excess wind production. Negative wholesale prices are relatively infrequent, however, even with 25% of the country's generation coming from wind. Source: Denmark (2008) perfectly anticipated. We therefore model future values of these policies as uncertain from the point of view of the turbine owners in any given year of our period of study. We use empirical probabilities to estimate a turbine owner's expectation of future values of these policies conditional on current values of these policies and on current values of other state variables.
State of Wind Turbine Technology
For our measure of the state of wind turbine technology in Denmark, we use the levelized cost of energy in Denmark. Levelized cost of energy is defined as the total present value cost of a turbine divided by the total amount of electricity it produces in its lifetime. The levelized cost can be thought of as the price that electricity would have to be sold at in order for a new generator to break even over the lifetime of the project.
It provides a signal to owners about the costs associated with installing a new turbine that year.
Levelized cost is calculated by summing the total costs of an electricity-generating asset over the course of its expected lifetime divided by the total amount of electricity the asset is expected to produce. Total costs include initial capital costs, fuel costs, and operation and maintenance costs. Levelized costs are typically calculated over 20-40 year lifetimes and discount all costs back to the present.
A general equation for levelized cost lcoe is given by:
where, for each time t from t = 1 to t = T , I t denotes investment cost, M t denotes maintenance cost, F t denotes fuel cost, and E t denotes electricity output at time t, and r is the discount rate. In the case of wind, fuel costs are zero and operation costs are low, so the bulk of the cost is the cost of the turbine itself. Total electricity generation in kWh is usually estimated by specifying a capacity factor representing the fraction of time the turbine will actually be producing electricity and multiplying that number by the capacity of the turbine in kW and the number of hours in a year (which is 8760 hours).
One of the primary purposes of the levelized cost of energy is to allow developers to evaluate potential projects on a prospective basis. The actual number is very much dependent on the assumptions that are made, but it is meant to give an idea of the likelihood of a project breaking even. For example, if the levelized cost of energy for a potential wind project is a lot higher than the current price of electricity, then that project does not look very promising.
Our estimates of the levelized cost of energy are from Lantz, Hand, and Wiser (Lantz et al., 2012) . In particular, we use the estimates of the levelized cost of energy for onshore wind turbines in Denmark from the Danish Energy Agency (DEA, 1999) for each year over the period 1980 to 1999, which were the years when these estimates were available, and we use the lower bound of the remaining estimates in Lantz et al. decade, wind power capital costs increased -primarily due to rising commodity and raw materials prices, increased labor costs, improved manufacturer profitability, and turbine upscaling -thus causing levelized costs to increase in spite of continued performance improvements (Lantz et al., 2012 ).
Because we eventually discretize the levelized cost of energy into 3 bins for use in our structural model, our results are robust to any imprecision in our estimates of the levelized cost of energy owing to our merging estimates from multiple sources and our extrapolating the values for the year 2011, as any imprecision is We assume that all turbines built in the same year have the same discretized value of the levelized cost. As Denmark is a small and topographically homogenous country, the spatial variation in annual wind patterns is relatively small, so this is a reasonable assumption for the purposes of measuring the state of technology. When we add wind quality to our descriptive reduced-form models below, wind quality generally does not have a significant effect.
The purpose of including levelized cost of energy in our model is to capture the development of wind turbine technology over time. The idea is that as technology improves, turbine costs will decline and capacity factors will increase, both of which will lead to a lower levelized cost of energy. As long as the levelized cost of energy for each year is calculated using similar methodology and assumptions, then what the levelized cost is capturing is the time path of turbine costs, which we are arguing is driven by developments in turbine technology. We are assuming that the levelized cost of energy is exogenous from the point of view of a small wind farm owner and that an individual owner's investment decisions do not impact the levelized cost of energy. 4 We model the future values of technology as uncertain from the point of view of the turbine owners.
Moreover, because we are studying the decisions of turbine owners with small numbers of turbines (rather than large energy companies), we argue that the evolution of these variables is taken as given by each individual turbine owner and the owner's decisions have zero impact on the future values of these variables.
We use empirical probabilities to estimate a turbine owner's expectation of future values of technology conditional on current values of technology and on current values of other state variables.
3 Econometric Models
Descriptive Reduced-Form Models
To complement our structural model, we first estimate several descriptive reduced-form discrete response models to analyze turbine owners' decisions to scrap, add and/or upgrade turbines. To examine the scrapping decision, we estimate logit, probit, and linear probability models at both the owner and turbine levels using a binary dependent variable y it which equals 1 if owner i scraps a turbine in period t. We also estimate a fixed effects logit model at the owner level using an owner fixed effect α i . The specifications for these models are given by:
Probit:
Linear Probability:
Fixed Effects Logit: To examine the decisions to add a turbine and to upgrade a turbine, we estimate two additional sets of logit, probit, linear probability, and fixed effects logit models at the owner level where the binary dependent variable y it equals 1 if owner i adds a turbine in period t and where the binary dependent variable y it equals 1 if owner i upgrades a turbine in period t, respectively.
Explanatory variables x it in each model include turbine/owner specific characteristics, government policies, as well as aggregate statistics including GDP per capita as a measure of income, total installed wind capacity, the largest installed turbine for a given year, and the levelized cost of wind energy in Denmark. The largest installed turbine and levelized cost are used as measures of the state of wind turbine technology. As technology improved over time, turbine size has steadily increased, while the cost of generating electricity from wind turbines has declined because of economies of scale and learning.
The primary advantages of the reduced-form models are that we can use continuous variables without having to discretize them and, because state-space constraints are less of a concern, we can include many covariates. However, the reduced-form models only estimate the per-period probability of shutting down or upgrading, and therefore do not have a clear structural interpretation. As we explain below, because the payoffs from shutting down or upgrading turbines depend on market conditions such as the state of technology and government policies that vary stochastically over time, a turbine owner who hopes to make a dynamically optimal decision would need to account for the option value to waiting before making an irreversible decision to shut down or upgrade a turbine (Dixit and Pindyck, 1994) . The parameters in the reduced-form models are therefore confounded by continuation values. We now develop a dynamic structural econometric model which better and more explicitly captures the dynamic and interdependent nature of a turbine owner's shutdown and upgrade decisions.
Structural Model of Wind Turbine Shutdowns and Upgrades
We model the decision to add, scrap, or upgrade a wind turbine using a dynamic structural econometric model. In particular, we develop and estimate a single agent dynamic structural econometric model using the econometric methods developed in the seminal work of Rust (1987 Rust ( , 1988 . These methods have been applied to analyze various topics including bus engine replacement (Rust, 1987) , nuclear power plant shutdown decisions (Rothwell and Rust, 1997) , water management (Timmins, 2002) , air conditioner purchases (Rapson, 2014) , agricultural land use (Scott, 2013) , copper mining decisions (Aguirregabiria and Luengo, 2016) , and agricultural disease management (Carroll et al., 2016a,b) . To our knowledge, this paper is the first application to the wind industry.
Applying a dynamic structural econometric model to micro-level data allows one to model the decision to shut down or upgrade a wind turbine as a dynamic optimization problem at the individual level and enables one to study the impact of government policies and technological progress on those decisions. This "bottomup" style of modeling is in direct contrast to many previous "top-down" approaches to examining trends in the wind industry, and the structural nature of our model gives insights into key economic and behavioral parameters. Understanding the factors that influence individual decisions to invest in wind energy and how different policies can affect the timing of these decisions is important for policies both in countries that already have mature wind industries, as well as in regions of the world that are earlier in the process of increasing renewable electricity generation (e.g. most of the U.S.).
There are several advantages to using a dynamic structural model to analyze the shutdown and upgrade decisions of wind turbine owners. First, unlike reduced-form models, a structural approach explicitly models the dynamics of shutdown and upgrade decisions. Wind turbines are long-term productive assets that degrade over time and are costly to replace in terms of money, time, and effort. With an existing turbine, owners are locked into a fixed output capacity and feed-in-tariff. Meanwhile, technology and government policies are changing over time. Because the payoffs from shutting down or upgrading turbines depend on market conditions such as the state of technology and government policies that vary stochastically over time, a turbine owner who hopes to make a dynamically optimal decision would need to account for the option value to waiting before making an irreversible decision to shut down or upgrade a turbine (Dixit and Pindyck, 1994) . Using a dynamic model allows an owner's decision to scrap or upgrade a turbine to be based not only on the condition of the existing turbine, but also on the current and expected future states of technology and policy.
A second advantage of the structural model is that with the structural model we are able to estimate the effect of each state variable on the expected payoffs from shutting down or upgrading a turbine, and are therefore able to estimate parameters that have direct economic interpretations. In the reduced-form model,
we estimated the effect of these variables on the per-period probability of shutting down or upgrading. In contrast, the dynamic model accounts for the continuation value, which is the expected value of the value function next period. With the structural model we are able to estimate parameters in the payoffs from shutting down or upgrading, since we are able to structurally model how the continuation values relate to the payoffs from shutting down or upgrading.
A third advantage of our structural model is that we are able to model the interdependence of the shutdown, addition and upgrade decisions. In particular, we model the value function for owners of one turbine and the value function for owners of two turbines separately, but allow them to depend on each other. Since an owner of one turbine has the option of becoming an owner of two turbines by adding a new turbine, the value of being an owner of one turbine depends in part on the value of being an owner of two turbines.
Similarly, since an owner of two turbines has the option of becoming the owner of one turbine by scrapping one of his turbines, the value of being an owner of two turbines depends in part on the value of being an owner of one turbine.
Modeling the interdependence of the shutdown, addition, and upgrade decisions is particularly important for analyzing the effects of government policy, since part of the effect of government policies may be owing to the interdependence of these decisions. For example, part of the effect of the replacement certificate may be that it increases the shutdown of one turbine by owners of two turbines since it gives them the option of adding a new turbine in the future, and therefore the option of redeeming the replacement certificate they earned by the initial shutdown. Similarly, part of the effect of both the feed-in-tariff and the replacement certificate may be that they increase the addition of a second turbine by owners of one turbine, since doing so gives them the option of shutting down their older turbine and earning a replacement certificate.
A fourth advantage of our structural model is that we can use the parameter estimates from our structural model to simulate various counterfactual policy scenarios. We use our estimates to simulate the Danish wind industry in absence of government policy, and compare the actual development of the industry in the presence of government policy with this counterfactual development in the absence of policy.
A fifth advantage of using a dynamic structural model to analyze the effects of government policy on shutdown and upgrade decisions of wind turbine owners is that, although other countries have implemented policies aimed at increasing the production share of renewables in the electricity sector, it is not clear that a comparison group exists for any single country that has implemented such policies, and thus a differencein-differences approach may not be feasible. Moreover, a country's renewable energy policy often consists of multiple policies, and it is valuable to understand which policy in the portfolio is the most influential. A dynamic structural model is thus well-suited for analyzing the the effects of government policy on shutdown and upgrade decisions of wind turbine owners.
Our structural model allows for owners to have up to two turbines at any particular time and the available actions depend on how many turbines are in operation. As mentioned, 88% of turbine owners own 2 or fewer turbines during the period of study .
We build upon previous structural dynamic models by modeling two interdependent value functions, reflecting interdependent shutdown, adding and upgrading decisions. The basic idea is to have a model with two "worlds", such that an owner is in the one-turbine world when he/she has one operating turbine, and moves to the two-turbine world if and when a second turbine becomes operational. The interdependence of the shutdown, adding, and upgrading decisions is depicted in Figure 3 . Each agent in our model is a turbine owner who owns and operates no more than two wind turbines in any given period (year). In each period t, the each turbine owner i choices an action d i,t ∈ {0, 1, 2, ..., 9}.
The choice set available to agent i depends upon the world that an owner is in during that period, as listed in Table 3 below. In each period t, an owner of one turbine can decide to continue without any shutdown, addition, or upgrade; add a small turbine; add a medium turbine; add a large turbine; upgrade to a small turbine; upgrade to a medium turbine; upgrade to a large turbine; or scrap his turbine. In each period t, an owner of two turbines can decide to continue without any shutdown or upgrade; upgrade one turbine to a small turbine; upgrade one turbine to a medium turbine; upgrade one turbine to a large turbine; scrap one turbine; or scrap both turbines. 
The payoff for each turbine owner i in each period t depends on state variables x i,t that vary across individuals and/or time. Each state variable is discretized based on observed values in the data. The state variables include the capacity (cap kw1 i ) of the first turbine, the age (turbine age1 i,t ) of the first turbine, the feed-in-tariff (orig f it1 i ) for the first turbine, the levelized cost (orig lcoe1 i ) of the first turbine, the capacity (cap kw2 i ) of the second turbine, the age (turbine age2 i,t ) of the second turbine, the feed-in-tariff (orig f it2 i ) of the second turbine, the levelized cost (orig lcoe2 i ) of the second turbine, the current period replacement subsidy (rep subsidy i,t ), and the current period levelized cost (lcoe t ).
Because the feed-in-tariff guarantees the price wind turbine owners will receive for production, wind turbine owners are insulated from changes in wholesale prices. Thus, the shutdown and upgrade decisions of wind turbine owners are likely to be affected by the level of the feed-in-tariff rather than by wholesale prices. As a consequence, since we include the feed-in-tariff in the payoff function, there is no need to also include wholesale prices.
We assume that the state variables evolve as a finite state first-order Markov process. We also assume, as is standard in discrete time models, that actions that change an owner's stock of turbines (add, upgrade, For each owner i, the per-period payoff function to owning one turbine is U I d i,t , x i,t , i,t ; θ , which depends on the action d i,t taken, the value of the relevant state variables x i,t , the vector of shocks i,t to agent i's payoffs from each possible action, and the parameters θ such that:
where owners can choose to add or upgrade to a small, medium, or large turbine and the respective payoff to doing so includes a distinct error term for each of these actions, and where the deterministic components π I, j (·) of the per-period payoff functions are defined as:
In Equation 7, the γ coefficients represent the effects on per-period payoffs to operating the turbine of turbine capacity (γ 1 ), turbine age (γ 2 ), the feed-in-tariff received by the owner 5 (γ 3 ), and the levelized cost of wind energy at the time the turbine was installed (γ 4 ). Since we do not have any data on maintenance or operating costs, we assume that all operating and maintenance costs are captured by the state of technology when the turbine was built (lcoe i,t ) and the age of the turbine. The feed-in-tariff received by the owner (orig f it1 i ) is assumed to be locked in for the life of the turbine upon connection to the grid.
In the payoff π I,a (·) for adding a turbine, the C i term represents the total discounted cost associated with buying and constructing an additional turbine. Separate specifications of the model were run using costs that vary by capacity (C i = τ 1 cap kw2 i ) and costs that are constant (C i = ρ 1 ).
In the payoff π I,u (·) for upgrading the turbine, ρ 2 represents the cost of upgrading.
In the payoff π I,e (·) to exiting, we include the current period levelized cost of wind energy as a proxy for (the negative of) the value that could be obtained by selling a replacement certificate. We expect replacement certificates to be more valuable when turbines are cheaper to build (i.e., low values of lcoe t ) and demand for new investments is high. The S I i term represents the scrap value to exiting. Separate specifications of the model were run using scrap values that vary by capacity (S I i = τ 2 cap kw i ) and scrap values that are constant (S I i = ρ 3 ). Per-period payoffs in the two-turbine world (Equation 8) are very similar, except that a slightly different set of options are available -namely, owners cannot add a third turbine, but can instead choose to scrap the older of their two turbines:
where the deterministic components π II, j (·) of the per-period payoffs are defined as: π II,c (x i,t ; θ) = γ 1 cap kw1 i + γ 2 turbine age1 i,t + γ 3 orig f it1 i + γ 4 orig lcoe1 i + β 1 cap kw2 i + β 2 turbine age2 i,t + β 3 orig f it2 i + β 4 orig lcoe2 i π II,s (x i,t ; θ) = β 1 cap kw2 i + β 2 turbine age2 i,t + β 3 orig f it2 i + β 4 orig lcoe2 i In the payoff π II,e (·) to exiting, we include the current period levelized cost of wind energy as a proxy for (the negative of) the value that could be obtained by selling a replacement certificate. We expect replacement certificates to be more valuable when turbines are cheaper to build (i.e., low values of lcoe t ) and demand for new investments is high. In one specification we allow the coefficient α 2 for owners of one turbine to differ from the coefficient α 3 for owners of two turbines; in the other specifications we assume that these coefficients are the same. In each period t, each turbine owner i chooses action d i,t to maximize the present discounted value of his entire stream of expected per-period payoffs. Letting i,t denote a vector of the time-t shocks for all possible actions d i,t for turbine owner i, and using the payoff functions in Equations 6 and 8, we can write out the value function for the owner of one turbine and the value function for the owner of two turbines, respectively. The value V I (·) of owning one turbine depends on the value V II (·) of owning two turbines, and is given by:
Similarly, the value V II (·) of owning two turbines depends on the value V I (·) of owning one turbine, and is given by:
As standard in many dynamic structural models, we make the following conditional independence assumption:
The transition probabilities Pr x i,t+1 | x i,t , d i,t , θ are estimated non-parametrically from the data for all possible state and action combinations. For turbine age, we kept track of actual age and increment it deterministically each year, then determine which discretized bin the actual age falls into. Substituting the conditional independence assumption into the value functions yields:
for owners of one turbine, and:
for owners of two turbines, where the ex ante value functionsṼ j (·) are given by:
Making the assumption that each shock in i,t is i.i.d. extreme value (type 1) across owners i, actions d i,t
and time t, we can then write the expressions for the ex ante value functionsṼ j (x t ) as:
and:Ṽ
where:
and where the ex ante value functionṼ ‡ next period used to calculate the continuation value is either
) depending upon the world that an owner is in and the action taken (similar to Equation 12).
The probability of a given action conditional on the realization of a particular combination of state variables is given by the following choice probabilities:
which are a function of the ex ante value functionsṼ ‡ for ‡ = I, II.
After obtaining the model predictions for the choice probabilities as functions of the state variables and the unknown parameters θ, the parameters θ can then be estimated using nested fixed point maximum likelihood estimation (Rust, 1987 (Rust, , 1988 . The likelihood function is a function of the choice probabilities, and therefore a function of the ex ante value functionsṼ j for j = I, II. Solving for the parameters θ via maximum likelihood thus requires an inner fixed point algorithm to compute the ex ante value functionsṼ j for j = I, II simultaneously as rapidly as possible and an outer optimization algorithm to find the maximizing value of the parameters θ. In other words, a simultaneous fixed point calculation to compute the ex ante value functionsṼ j for j = I, II simultaneously is nested within a maximum likelihood estimation (MLE). From
Blackwell's Theorem, the fixed point for eachṼ j is unique.
Identification of the parameters θ comes from the differences between per-period payoffs across different action choices, which in infinite horizon dynamic discrete choice models are identified when the discount factor β and the distribution of the choice-specific shocks it are fixed (Abbring, 2010; Magnac and Thesmar, 2002; Rust, 1994) . In particular, the parameters in our model are identified because each term in the deterministic components π I, j (·) and π II, j (·) of the per-period payoffs given in Equations (7) and (9) for the oneand two-turbine worlds, respectively, depends on the action d i,t being taken at time t, and therefore varies based on the action taken; as a consequence, the parameters do not cancel out in the differences between per-period payoffs across different action choices and are therefore identified. For example, the coefficient γ 1 on the capacity (cap kw1 i ) of the first turbine in deterministic components π I, j (·) of the per-period payoff in the one-turbine world in Equation (7) is identified in the difference between the per-period payoff from choosing to exit and the per-period payoff from any other action choice d i,t .
Standard errors are formed by a non-parametric bootstrap. Turbine owners are randomly drawn from the data set with replacement to generate 100 independent panels each with the same number of turbine owners as in the original data set. The structural model is run on each of the panels. The standard errors are then formed by taking the standard deviation of the estimates from each of the random samples.
The parameter estimates are then used to simulate counterfactual policy scenarios in order to quantify the effectiveness of the Danish feed-in-tariff and replacement certificate programs.
Descriptive Reduced-Form Results
We first present the results of our descriptive reduced-form models. Summary statistics for the explanatory variables used in the reduced-form models are shown in Table 4 . The results of the discrete response models (logit, probit, linear probability, and fixed effects logit) of an owner's decision to scrap a turbine are shown in Table 5 . The dependent variable in these models is a binary outcome variable that is equal to one if an owner shuts down any of his/her turbines in a given year. In each model, the replacement schemes have a significant effect on the probability of an owner shutting down at least one turbine. Owners were also more likely to scrap turbines in years with higher feed-in-tariffs and better existing technology.
Similar models of the scrapping decision were estimated using the turbine-level data. These results are shown in Table 6 . At the turbine level, we are able to include turbine specific characteristics such as turbine age, wind quality, cumulative electricity production, the capacity factor over the lifetime of the turbine, and whether the turbine is privately owned. A dummy variable for whether the owner of a particular turbine has multiple wind farms (defined as more than one site) is also included. Again, the replacement subsidy has a large impact on the likelihood of a turbine being scrapped and higher feed-in-tariffs are associated with a higher prevalence of scrapping. Older turbines are more likely to be scrapped, as are bigger turbines. The wind quality available at the site of a turbine does not have a significant impact on whether or not a turbine is scrapped. Table 7 presents the results of the discrete response models (logit, probit, linear probability, and fixed effects logit) of the decision to add turbines using owner-level data. According to the results, the replacement subsidy has either a negative or insignificant effect on the probability of adding a turbine while the feed-intariff does not have a robust signigicant effect. Neither policy is significant when owner fixed effects are added. Table 8 presents the results of the discrete response models (logit, probit, linear probability and fixed effects logit) of the decision to upgrade turbines using owner-level data. According to the results, both the replacement certificate and the feed-in-tariff have either a positive or insignificant effect on the probability of upgrading an existing turbine.
According to the descriptive reduced-form results, both the replacement certificate and the feed-in-tariff had robust positive effects the probability of scrapping a turbine, but less robust effects on the probability of adding or upgrading turbines. However, the reduced-form models only estimate the per-period probability of shutting down or upgrading, and therefore do not have a clear structural interpretation. The parameters in the reduced-form models are confounded by continuation values. Moreover, the separate reduced-form 
Structural Results
Summary statistics for the variables used in our dynamic structural econometric model are shown in Table 9 and the bins used to discretize the variables are shown in Table 10 . Figure 4 graphs the fraction of all owners of one turbine who scrap, add, and upgrade, respectively, for each year of the data set. Similarly, Figure 5 graphs the fraction of all owners of two turbines who exit, scrap one turbine, and upgrade, respectively, for each year of the data set. In both figures, the dotted vertical lines indicate the years in which the feed-in-tariff was high, medium, and low, respectively. The dashed vertical lines indicate the years when there was no replacement certificate, and the years when the replacement certificate was high, medium, and low, respectively.
As can be seen in both figures, there is a possible correlation between the decisions of turbine owners and the government policies. However, in order to more rigorously analyze the effects of government policies on turbine owners' decisions, one needs to estimate a dynamic structural model. We estimate three specifications of our dynamic structural econometric model. The three specifications vary in the way they model new turbine costs, scrap values, and the value of selling a replacement certificate.
In Specification 1, new turbine costs and scrap values are assumed to be proportional to the size of the turbine, and replacement certificates are assumed to have the same value in a given time period for both owners of one turbine and owners of two turbines. Specification 2 keeps the assumption that new turbine costs and scrap values depend on turbine capacity, but allows for the value of replacement certificates to be The parameter estimates for these three specifications of our dynamic structural econometric model are reported in Table 11 . Because the state variables are discretized, the estimates are not interpretable as marginal effects, but should instead be interpreted as relative contributions to the profits of turbine owners. Examining the results gives us a sense of the relative impacts of different variables on the profits of wind turbine owners and the importance of the policies put into place by the Danish government. The signs of the γ and β coefficients on the payoffs from operating a turbine show that higher profits are generated by younger turbines with higher capacities that were built during periods of high feed-in-tariffs and low levelized costs. 6
6 Parameters for owners of one turbine are estimated much more precisely likely due to fact that there is a relatively small
In all specifications the feed-in-tariff is a significant source of revenues. A change in the level of the feedin-tariff (e.g., from low (0.10 DKK/kWh) to medium (0.43 DKK/kWh), or from medium (0.43 DKK/kWh) to high (0.60 DKK/kWh)) has approximately 1.5 to 2 times the effects on per-period payoffs as a decrease in the level of the levelized cost of energy, the indicator of technology (e.g., from high (>700 DKK/MWh) to medium (526-700 DKK/MWh), or from medium (526-700 DKK/MWh) to low (0-525 DKK/MWh)), where the levels are determined by the bins in Table 10 .
Likewise, replacement certificates comprise a significant share of the payoffs to scrapping or upgrading existing turbines in all three specifications. A change in the level of the replacement certificate (e.g., from low (0.08 DKK/kWh) to medium (0.12 DKK/kWh), or from medium (0.12 DKK/kWh) to high (0.17 DKK/kWh)) has approximately 7 to 9.5 times the effects on per-period payoffs as a decrease in the level of the levelized cost of energy, the indicator of technology (e.g., from high to medium, or from medium to low). Our results therefore indicate that the growth and development of the Danish wind industry was primarily driven by government policies as opposed to technological improvements.
Looking across the three specifications, we see that the scrap value of turbines is positive and is larger for higher capacity turbines, while adding new turbines or upgrading carries with it a significant cost that is not significantly affected by the capacity of the new turbine. Comparing the magnitudes of the coefficients for adding (ρ 1 ) and upgrading (ρ 2 ) in Specification 3 indicates that upgrading is the more costly of the two actions.
Policy Simulations
One of the primary benefits of estimating a structural model is that it allows for simulations of counterfactual policy scenarios that can tell us more about the magnitudes of policy impacts. In this section, we present the results of simulations we ran over the time period of our data set for several different policy scenarios. Specifically, the counterfactual policy scenarios we evaluate are: Simulations were conducted by imposing restrictions on the relevant government policy state variables corresponding to each policy scenario and using the significant parameter estimates from Specification 3 of the model. For the simulations involving either no replacement certificate program, no feed-in-tariff, or both, this process entailed setting the value of those variables equal to zero for all owners in all time periods. In the simulation with a declining feed-in-tariff, we specify a feed-in-tariff that declines according to the age of a turbine as shown in Table 12 . The parameters and new state variables were used to generate new transition and choice probabilities conditional on the combination of state variables faced by an owner. 7 Beginning with the first observed value of the state variables for each owner from the actual data, we simulate the action for that period by drawing from the choice probabilities and the state variables for the next period by drawing from the transition probabilities. Based on the state variables drawn for the next period, we then simulated the action for that period and the state variables for the subsequent period, and so on until the last year of our data set (2011).
Once the simulated data is created, we calculate various summary statistics for comparison to what actually happened when both policies were in place. These statistics of interest include the total discounted payoffs for turbine owners (i.e., the present discounted value of the entire stream of payoffs for each turbine owner), the number of new turbines added, the number of turbines that were scrapped, the number of upgrades made, the average age of turbines scrapped, and the total number of replacement certificates issued.
We also calculate, for the turbines in the final year of the data set (2011), the average age of these turbines and the distribution of these turbines' capacities.
For each counterfactual policy scenario, we run 100 independent simulations. The means and standard deviations are then calculated over the 100 independent simulations for each of the summary statistics.
These means and standard deviations are reported in Table 13 .
Examining the results in Table 13 , there are several noticeable differences between the policy simulations and what actually happened when both policies were in place. First, total discounted payoffs for turbine owners are significantly higher when both policies are in place than in any of the simulations. This result suggests that both the replacement certificate policy and feed-in-tariff provided windfall gains to small turbine owners. In particular, total discounted payoffs would have been 70% lower if there were no replacement certificate and 95% lower if there were no feed-in-tariff. In the absence of both policies, total discounted payoffs would have been 96% lower.
A second result is that in all policy simulations, owners choose to scrap more and add fewer turbines under the counterfactual scenarios than they do when both policies are in place. This is likely because the value of owning turbines and the value associated with waiting for future periods before scrapping are significantly lower in the absence of these policies, since both the replacement certificates and feed-in-tariff
have positive values for turbine owners. As a consequence, many owners scrap their turbines and exit the industry, rather than add new turbines. From the simulated data, we can also examine the evolution of the Danish wind industry under the different policy scenarios. Figure 6 shows the number of small (< 450 kW), medium (450 -750 kW), and large (> 750 kW) wind turbines that existed in each year from 1980-2011 under each policy simulation.
Overall, fewer turbines exist in the simulations except for rapid growth in the number of medium-sized turbines during the boom years of the industry between 1990-2000.
Our simulation results show that both the replacement certificate policy and feed-in-tariff increased the total discounted payoffs for turbine owners. To compare these benefits with costs, we conduct back-of-theenvelope calculations to estimate the costs of each of the policies to the Danish government and well as the carbon emissions benefits of each of the policies. Our results are summarized in Table 14 .
We estimate both a lower bound and an upper bound to the total cost to the Danish government of the replacement certificates it issued to all the turbine owners in our data set during the time period of our data set. We calculate a lower bound to the total cost to the Danish government of the replacement certificates it issued to all the turbine owners in our data set during the time period of our data set by calculating the total cost to the Danish government of the replacement certificates it issued to all the turbine owners who upgraded their turbine in our data set during the time period of our data set. Our estimated lower bound is 10.3 million DKK (1.5 million US dollars).
To estimate an upper bound to the total cost to the Danish government of the replacement certificates it issued to all the turbine owners in our data set during the time period of our data set, we also estimate what the total cost to the Danish government of the replacement certificates would be if all the owners who scrapped (but did not upgrade) their turbines sold these certificates to someone else who then built a large turbine that operated from the date the original sale to the end of the time period of our data set. To do this, we first estimate the production from a large turbine in each year by using the average production of turbines larger than 750 kW in our dataset for all owners (not just the ones with 2 or fewer turbines who we include in the dynamic model). We then calculate the cost to equal to the replacement subsidy value times the average production for every year after an eligible turbine was shut down. Under these assumptions, the cost comes to 629.9 million DKK (90 million US dollars). We then calculate an upper bound to the total cost to the Danish government of the replacement certificates it issued to all the turbine owners in our data set during the time period of our data set by adding the lower bound above (the total cost to the Danish government of the replacement certificates it issued to all the turbine owners who upgraded their turbine in our data set during the time period of our data set) plus the total cost to the Danish government 1979 1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 2001 2003 2005 2007 1979 1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 1979 1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 1979 1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 2001 2003 2005 2007 1979 1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 2001 2003 2005 2007 Thus, at a cost of 10.3 million DKK (1.5 million US dollars) to 640.2 million DKK (91.5 million US dollars), the replacement certificate program nearly tripled the total discounted payoffs to turbine owners (from the normalized welfare of 34.2 in the no replacement certificate scenario, to the normalized welfare of 100 in when both policies are in place, with the feed-in-tariff assumed to be in place in both cases). The cost per percentage point increase in actual discounted payoffs is 156,000 DKK (22,800 US dollars) to 9.73 million DKK (1.39 million US dollars).
We also estimate the total cost to the Danish government of the feed-in-tariffs it paid to all the turbine owners in our data set during the time period of our data set. Using the turbine level data, we estimate that 19.9 billion DKK (about 2.85 billion US dollars) was paid out to all owners in our data for the entire duration of our study. Thus, at a cost of 19.9 billion DKK (about 2.85 billion US dollars), the feed-in-tariff increased discounted payoffs to turbine owners by approximately 20-fold (from the normalized welfare of 5.03 in the no feed-in-tariff scenario, to the normalized welfare of 100 when both policies are in place, with the replacement certificate program assumed to be in place in both cases). The cost per percentage point increase in actual discounted payoffs is 209.5 million DKK (30 million US dollars).
Combining the costs for both the replacement certificate policy and feed-in-tariff, we find that at a cost of 19.91 billion DKK (about 2.85 billion US dollars) to 20.54 billion DKK (about 2.94 billon US dollars), the replacement certificate program and the feed-in-tariff increased discounted payoffs to turbine owners by approximately 25-fold (from the normalized welfare of 4.05 in the no replacement certificate and no feedin-tariff scenario, to the normalized welfare of 100 when both policies are in place). The cost per percentage point increase in actual discounted payoffs is 207.5 million DKK (29.7 million US dollars) to 214.1 million DKK (30.66 million US dollars).
We also estimate the total cost to the Danish government of a declining feed-in-tariff. In the declining feed-in-tariff scenario, the amount of the subsidy (and thus the cost to the government) depends on how old a particular turbine is as well as how much electricity it produces each year. We therefore use the number of turbines in each age-size combination in each year, averaged over 100 simulations, from the declining feed-in-tariff scenario. We estimate the production of a turbine in a each year by calculating the average production (kWh) for each size bin in the real data. Then, for each combination of size and age, we multiply the number of turbines by the appropriate production estimate for that year (based on size) and then by the appropriate feed-in-tariff amount (based on age). We estimate the cost to the Danish government of the declining feed-in-tariff to be: 6.252 billion DKK (893.2 million US dollars).
Thus, at a cost of 6.252 billion DKK (893.2 million US dollars), the declining feed-in-tariff increased discounted payoffs to turbine owners approximately 7.6 times (from the normalized welfare of 5.03 in the no feed-in-tariff scenario, to the normalized welfare of 38.4 in the declining feed-in-tariff scenario, with the replacement cerificate program assumed to be in place in both cases). The cost per percentage point increase in actual discounted payoffs is 187.4 million DKK (26.8 million US dollars).
As external, uncompensated benefits associated with reduced greenhouse gas emissions potentially serve as an important justification for renewable energy policies (Callaway et al., 2015) , we also calculate the benefits of each policy in terms of carbon emissions avoided. To do so, we first estimate the marginal emissions that would be displaced by wind generation. Since Denmark does not have any nuclear or hydro capacity and minimal solar and bioenergy production, we assume that all non-wind production would otherwise have come from fossil generation. 8 We therefore argue that if there were fewer wind turbines in Denmark, the energy that would have been supplied by the wind turbines would instead have been supplied by natural gas or coal. Thus, in the absence of either the replacement certificate program or the feed-in-tariff, or both, there would have been fewer wind turbines and higher levels of carbon emissions. We therefore estimate the marginal emissions that would be displaced by wind energy as the average carbon emission per unit capacity of the non-wind energy mix in Denmark. For each year, we divide the total annual carbon emissions in Denmark (DEA, 2013) by the total fossil generation in Denmark for each year (EIA, 2015) to get annual values for the average carbon emission per unit capacity of the non-wind energy mix.
We calculate the additional wind capacity that resulted from each policy as follows. For each counterfactual policy scenario (which removes one or both of the policies), we subtract the number of small turbines under that scenario in 2011 from the number of actual small turbines in 2011, and multiply the difference by the average capacity of a small turbine. Similarly, we subtract the number of medium turbines under that scenario in 2011 from the number of actual medium turbines in 2011, and multiply the difference by the average capacity of a medium turbine. Likewise, we subtract the number of large turbines under that scenario in 2011 from the number of actual large turbines in 2011, and multiply the difference by the average capacity of a large turbine. We then sum up the values for the three turbine sizes to get the capacity of energy that would have to be supplied by non-wind energy in that policy scenario (when compared with the actual data, when both policies are in place). We multiply this capacity by the marginal emissions that would be displaced by wind energy. This is the additional carbon emissions (compared to the actual data, when both policies are in place) resulting from the policy scenario (which removes one or both of the policies), and thus the carbon emissions avoided when the policy is in place. As seen in Table 14 , when compared with the feed-in-tariff; a declining feed-in-tariff; and the replacement certificate program and the feed-in-tariff combined, the replacement certificate program had the lowest cost per percentage point increase in discounted payoffs to turbine owners, and also the lowest cost per million tonne CO 2 avoided. Thus, the replacement certificate program was the most cost-effective policy both for increasing payoffs to turbine owners and also for decreasing carbon emissions. This paper develops a dynamic structural econometric model of wind turbine ownership that is used to estimate a profit structure for wind energy producers in Denmark and evaluate the impact of technology and government policy on wind industry development. Results from the model indicate that the growth and development of the Danish wind industry was primarily driven by government policies as opposed to technological improvements. Results from policy simulations show that both the replacement certificate and flat feed-in-tariff policies generated windfall profits for existing turbine owners and resulted in more turbine additions and upgrades than would have otherwise occurred. Both of these policies significantly impacted the timing of shutdown and upgrade decisions made by turbine owners and accelerated the development of the wind industry in Denmark.
Without the policies, the benefits to owning a turbine would have been significantly reduced. In particular, total discounted payoffs would have been 70% lower if there were no replacement certificate and 95% lower if there were no feed-in-tariff. In the absence of both policies, total discounted payoffs would have been 96% lower. Without these policies, most small-scale wind turbine owners would have exited the industry before the end of 2011.
We also find that when compared with the feed-in-tariff; a declining feed-in-tariff; and the replacement certificate program and the feed-in-tariff combined, the replacement certificate program was the most costeffective policy both for increasing payoffs to turbine owners and also for decreasing carbon emissions.
The results from the policy simulations can be used to assess Denmark's wind policies from several different perspectives. The driving forces behind renewable energy development in Denmark for 35 years have been energy security and green growth that have manifested themselves in a series of energy and climate goals (Energinet.dk, 2010; Meyer, 2004) . To these ends, the feed-in-tariff was the primary tool chosen to incentivize new investments in wind turbines, while the replacement certificate program was created to allow the expansion of wind power to take place along with the decommissioning of older and less appropriately sited wind turbines.
Evaluated on the basis of their stated goals, the feed-in-tariff and replacement certificate policies have been a rousing success, though their ability to achieve other objectives is not quite as clear. Due to the fixed nature of feed-in-tariff incentives over the lifetime of a turbine, the policy became increasingly expensive for the government as the number of turbines grew throughout the 1980s and 1990s. Implementing a declining feed-in-tariff would have reduced government expenditures, but would also have resulted in the addition of fewer turbines.
Other relevant economic questions include whether or not the policies improved welfare from a social standpoint and understanding any equity impacts. We have seen that the welfare of owners with small numbers of turbines was improved by the policies, but the effects on larger owners and electricity consumers could not be estimated. Because our sample only contains those turbine owners who operate a maximum of two turbines at any one time and because installed wind capacity continued to grow in Denmark The focus of our paper is on the shutdown, addition, and upgrade decisions of existing turbine owners, as shutting down and/or upgrading existing productive assets are important economic decisions for the owners of those assets and are also the fundamental decisions that underlie the development of new, growing industries. We do not model the original entry decision for an owner, but instead condition upon it. Because the location of turbines are pre-determined by municipal wind plans (DEA, 2009), we can plausibly argue that the probability of entry was driven by factors exogenous to the Danish feed-in-tariff and replacement certificate programs, and therefore that our estimates of the effects of the Danish feed-in-tariff and replacement certificate programs are not biased towards zero even though we condition upon entry. However, if the entry decision is affected by the Danish feed-in-tariff and replacement certificate programs, it is likely to be affected in a positive direction (i.e., the government policies leads to more entry than there would have been otherwise), in which case our estimates of the effects of these policies on total discounted payoffs are a lower bound on the total benefits of the policies and the actual benefits of these policies may be even greater than what we estimate. In this case, the large lower bound values for the total benefits of the policies that we estimate are still meaningful since they suggest that the actual benefits of these policies may be at least as large. We hope to model the entry decision in future work.
The dynamic structural econometric model we develop in this paper can be applied to any set of interdependent shutdown and upgrade decisions. Our application to the Danish wind industry has important
